INTRODUCTION {#sec1}
============

Increasing the nutrient utilization efficiency in broiler chickens is an effective approach to minimize nutrient intake for growth and meat production, and reduce N excretion. The utilization of CP is subject of many studies because of its economic impact on the industry and detrimental effects of N excretion on the environment.

Protease supplements have been suggested to potentially achieve increased prececal (**pc**) amino acid (**AA**) digestibility in broiler chickens, and thereby reduce the dietary CP level. The effects of protease supplementation on pc CP and AA digestibility have been found to be inconsistent. Studies on broiler chickens and turkeys showed that the pc digestibility was increased for all AA (Vieira et al., [@bib65]; Stefanello et al., [@bib61]; Cowieson et al., [@bib17]) or some AA (Bertechini et al., [@bib6]; Angel et al., [@bib4]; Vieira et al., [@bib65]). Whereas, in some other studies, no effects (Boguhn et al., [@bib7]; Kaczmarek et al., [@bib31]; Rada et al., [@bib52]; Erdaw et al., [@bib20]) or decreasing effects (Walk et al., [@bib66]) of protease supplementations on pc digestibility were described. Divergent results may be caused by differences in the composition of the experimental diet (Selle et al., [@bib56]; Toghyani et al., [@bib63]), supplementation level (Angel et al., [@bib4]), or concurrent supplementation of other enzymes (Lee et al., [@bib35]).

Characteristics of the supplemented protease likewise contributed to the divergent results as the efficacy of protease is influenced by the environment of the surrounding medium, including pH and temperature (Ghazi et al., [@bib25]; Mahmood et al., [@bib39]). Hence, differences in the efficacy of proteases have been reported. Ghazi et al. ([@bib25]) reported no effect of a protease isolated from a *Bacillus* species on pc CP digestibility, whereas it increased with the addition of a protease isolated from an *Aspergillus* species. In another study, supplementation of proteases derived from *Aspergillus niger* and *Bacillus subtilis* had no effect on the total tract CP digestibility (Mahmood et al., [@bib39]). In a screening of several proteases derived from various bacteria and fungi, the effect on pc AA digestibility differed widely (Walk et al., [@bib66]). These authors reported that protease supplementation in most cases had no effect on the pc AA digestibility. They found that pc digestibility of some AA was increased, whereas it was decreased for others, depending on the supplemented protease and the experiment. However, in their study all diets contained a phytase supplement (Walk et al., [@bib66]).

Phytase is primarily used to increase degradation of phytate and utilization of phosphorus, and additionally has potential to increase pc AA digestibility. Similar to protease, the effects of phytase supplementation on pc AA digestibility are variable, with some studies reporting an increasing effect (Amerah et al., [@bib3]; Sommerfeld et al., [@bib59]) and others without any effect (Rodehutscord et al., [@bib55]; Manangi et al., [@bib40]). Should phytase have a similar effect like protease and if such effects are not additive, then it is possible that the overall addition of phytase in the study by Walk et al. ([@bib66]) masked possible effects of protease supplementation. Furthermore, the study by Walk et al. ([@bib66]) did not include different dosages of protease, but doses necessary to achieve increased pc AA digestibility might vary between proteases.

The supplementation of enzymes can influence the microbiota composition in the intestine. Phytase supplementation increased the total number of microbial counts in the small intestine and increased relative abundance of bacteria such as *Lactobacillus* and *Enterococcus* (Ptak et al., [@bib51]; Witzig et al., [@bib68]). To the best of our knowledge, the effects of protease supplementation on microbial ecology have not been investigated using Next Generation Sequence (NGS) techniques. However, different scenarios of consequences of protease supplementation on the microbiota can be deduced from the literature. In a study that used qPCR methodology to target specific microbial groups, protease seemed to increase the presence of *Lactobacillus* spp. but decrease the presence of *Clostridium perfringens* in the ileum (Giannenas et al., [@bib26]). In another study, protease supplemented in combination with α-amylase and glucoamylase increased the relative abundance of *Bifidobacterium, Staphylococcus, Bacteroides*, and *Megamonas* (Yin et al., [@bib69]), which usually are considered to be beneficial bacteria. It also is possible that protease supplements alter the microbiota composition by modifying the substrates that the microorganisms access. For instance, higher availability of AA was shown to be either beneficial or harmful to the growth of certain microorganisms (Dahiya et al., [@bib18]). Other metabolites like short chain fatty acids, amines, and AA derivatives were also shown to impact the microorganisms (Hemarajata and Versalovic, [@bib28]). Therefore, effects of protease supplementation on pc digestibility might partly be explained by a shift in the microbial composition. To our knowledge, such a relationship has not been investigated to date.

Hence, our main objective was to investigate the effects of different proteases at 2 dosage levels on the pc AA digestibility and the composition of the microbiota in the terminal small intestine. We also aimed to examine whether effects on pc AA digestibility, if caused by proteases, could be found upon supplementation of phytase in a separate treatment. We hypothesized that enzymes affect the pc AA digestibility in a dose-dependent manner and that the microbiota composition in the terminal small intestine is altered due to enzyme supplementation.

MATERIALS AND METHODS {#sec2}
=====================

Experimental Diets {#sec2-1}
------------------

The study comprised of 8 dietary treatments. The basal diet (**BD**) did not contain any enzyme supplement and was mainly based on corn and solvent-extracted soybean meal (Table [1](#tbl1){ref-type="table"}). For other 6 treatments, the BD was supplemented with 3 different proteases at 3 levels each: Aspergillus Acid Protease (**Protease A**) (Meiji Seika Pharma Co., Ltd., Japan) produced from *A. niger* with a declared protease activity of not less than 950,000 U/g at pH 2.6, supplemented at 25 or 200 mg/kg of diet; CIBENZA DP100 (**Protease B**) (Novus International Inc., MO, USA) produced from *Bacillus licheniformis* with a declared minimum protease activity of 600,000 U/g supplemented at 500 or 4000 mg/kg of diet; RONOZYME PROACT (**Protease C**) (DSM Nutritional Products AG, Kaiseraugst, Switzerland) produced from a genetically engineered *B. licheniformis* strain with a declared minimum protease activity of 75,000 U/g, supplemented at 200 or 1600 mg/kg of diet. The lower dosage of the proteases was chosen based on supplier recommendations and the other dosage was set at 8 times the recommended dosage. For the eighth treatment, Natuphos E (**Phy**) (BASF SE, Germany) was supplemented to provide 1500 FTU/kg of diet. The calculated phytase level was verified by analysis (1410 FTU/kg). Titanium dioxide (TiO~2~) was included as an indigestible dietary marker (5 g/kg). All diets were adequate in phosphorus concentration. The CP concentration of the diets was uniform and ranged from 245 to 248 g/kg DM (Table [2](#tbl2){ref-type="table"}). Diets were manufactured at Research Diet Services (Hoge Maat 10, 3961 NC Wijk bij Duurstede, Netherlands). Application of all enzymes in this experiment was approved by the Regierungspräsidium Tübingen, approval number 34/8302.31.

###### 

Composition of the experimental diets and supplementation levels of the enzyme products (g/kg unless otherwise stated).

                                                                Basal diet   Protease A   Protease B   Protease C   Phytase               
  ------------------------------------------------------------- ------------ ------------ ------------ ------------ --------- ----- ----- -----
  Corn                                                          560          560          560          560          560       560   560   560
  Soybean meal^[2](#tb1fn2){ref-type="table-fn"}^               371          371          371          371          371       371   371   371
  Soybean oil                                                   30           30           30           30           30        30    30    30
  Calcium carbonate                                             19           19           19           19           19        19    19    19
  Sodium chloride                                               4            4            4            4            4         4     4     4
  Monocalcium phosphate                                         6            6            6            6            6         6     6     6
  Choline chloride                                              2            2            2            2            2         2     2     2
  Vitamin- and mineral mix^[3](#tb1fn3){ref-type="table-fn"}^   3            3            3            3            3         3     3     3
  TiO~2~                                                        5            5            5            5            5         5     5     5

^1^The respective amount of enzyme was added on top of the mixtures; the lower supplementation of each protease product complies with the recommendations of the suppliers, the other dosage is 8-fold higher.

^2^Solvent-extracted soybean meal; trypsin inhibitor activity: 1.36 g/kg; urease activity: \< 0.02 mg N/g (min, 30°C); nitrogen solubility index: 12%; Lys: 29.0 g/kg; reactive Lys: 24.4 g/kg (all on as-is basis).

^3^Provided per kg of mixed feed: vitamin A (retinyl acetate): 12,000 IE; vitamin D~3~ (cholecalciferol): 2,500 IE; vitamin E ([dl]{.smallcaps}-α-tocopherol): 50 mg; vitamin K~3~ (menadione): 1.5 mg; Vitamin B~1~ (thiamine): 2.0 mg; vitamin B~2~ (riboflavine): 7.5 mg; vitamin B~6~ (pyridoxine): 3.5 mg; vitamin B~12~ (cyanocobalamin): 20 μg; niacine: 35 mg; pantothenic acid: 12 mg; choline chloride: 460 mg; folic acid: 1.0 mg; biotine: 0.2 mg; iron: 80 mg; copper: 12 mg; manganese: 85 mg; zinc: 60 mg; iodine: 0.8 mg; selenium: 0.15 mg, anti-oxidant: 125 mg.

###### 

Analyzed chemical composition of the experimental diets (g/kg dry matter).

                  Basal diet   Protease A                              Protease B   Protease C   Phytase                 
  --------------- ------------ --------------------------------------- ------------ ------------ --------- ------ ------ ------
  CP              246          246                                     246          248          245       248    246    245
  Ether extract   71           --^[2](#tb2fn2){ref-type="table-fn"}^   --           --           --        --     --     70
  Crude fiber     27           --                                      --           --           --        --     --     27
  aNDFom          118          --                                      --           --           --        --     --     117
  ADFom           44           --                                      --           --           --        --     --     45
  Ala             12.2         12.4                                    12.3         12.1         12.1      12.2   12.3   12.4
  Arg             16.7         16.8                                    16.7         16.6         16.3      16.7   16.6   16.8
  Asp/Asn         26.4         26.8                                    26.5         26.1         26.2      26.5   26.5   26.9
  Cys             3.7          3.8                                     3.7          3.7          3.7       3.7    3.9    3.8
  Glu/Gln         46.0         46.5                                    46.1         45.5         45.5      45.9   46.0   46.6
  Gly             10.3         10.5                                    10.4         10.3         10.2      10.4   10.4   10.5
  His             7.2          7.3                                     7.3          7.1          7.3       7.3    7.4    7.5
  Ile             10.6         10.5                                    10.3         10.4         9.8       10.4   10.3   10.2
  Leu             21.4         21.6                                    21.4         21.2         21.0      21.2   21.3   21.5
  Lys             13.4         13.5                                    13.3         13.3         13.1      13.4   13.3   13.6
  Met             3.6          3.6                                     3.6          3.5          3.5       3.6    3.6    3.6
  Phe             12.5         12.6                                    12.5         12.4         12.2      12.5   12.5   12.6
  Pro             14.9         15.1                                    15.4         15.0         15.3      15.0   15.2   14.8
  Ser             12.9         13.3                                    13.2         12.9         13.1      13.1   13.2   13.4
  Thr             9.8          10.0                                    9.9          9.7          9.7       9.8    9.9    10.0
  Tyr             8.5          8.6                                     8.6          8.5          8.5       8.7    8.5    8.6
  Val             11.5         11.2                                    11.1         11.2         10.6      11.2   11.1   10.9
  Calcium         10.9         --                                      --           --           --        --     --     11.0
  Phosphorus      5.7          --                                      --           --           --        --     --     5.8

^1^The lower supplementation of each protease product complies with the recommendations of the suppliers, the other dosage is 8-fold higher.

^2^-- = Not analyzed.

Birds and Experimental Procedures {#sec2-2}
---------------------------------

The experiment was conducted in the Agricultural Experiment Station of Hohenheim University, location Lindenhöfe, Eningen, Germany. All the animal procedures were in accordance with the German Animal Welfare Legislation and were approved by the Regierungspräsidium Tübingen (approval number HOH34-15TE).

A total of 960 unsexed broiler chicken hatchlings of the strain Ross 308 were allocated to 64 pens of 15 birds each on a wood shavings bedding. Lighting in the barn was permanent and the temperature was 34°C for the first 2 d of the experiment. Following this, the lighting schedule was adjusted to 18 h of light and 6 h of dark, and the temperature was decreased continuously to reach 19°C until day 21.

From day 1 to day 14 post-hatching, birds received a commercial starter diet that was calculated to be adequate in ME and all nutrients according to the recommendations of the Gesellschaft für Ernährungsphysiologie ([@bib24]) (Club Mastkükenstarter 4150020, Deutsche Tiernahrung Cremer GmbH & Co. KG, Germany; contained according to the manufacturer data sheet per kg 215 g CP, 10.5 g Ca, 5.5 g P, 12.5 MJ ME, 110 mg coccidiostat monensin sodium, 10 IU endo-1.4-β-xylanase (EC 3.2.1.8), and 750 FTU 6-phytase (EC 3.1.3.26)). On day 15, 8 pens were allocated to each of the dietary treatments in a randomized complete block design. The experimental diets were provided for 7 d in mash form for ad libitum consumption.

Bird weight and feed consumption were determined on day 14 and day 21 of the experiment. Dead birds were weighed and feed consumption up to the day of removal of the bird was recorded. Determination of ADFI for 1 pen with low level of Protease A supplementation and 2 pens with high level of Protease C supplementation did not deliver plausible results. The determined level of ADFI of these observations was untrustworthily low (18 g/d and 39 g/d) or high (92 g/d). These observations together with their related values of final BW, ADG, and G:F were excluded from the data evaluation to ensure the comparability of the results for all traits. On day 21, birds were euthanized by carbon dioxide asphyxiation following anesthesia in a gas mixture (Zeller et al., [@bib71]). The terminal two-thirds of a section of the small intestine between the Meckel\'s diverticulum and 2 cm anterior to the ileo-ceco-colonic junction were isolated. Approximately, 2 cm from this section (randomly taken) was dissected and longitudinally opened. The randomization was practiced in order to make sure that, on average of the pen, samples were from the same section as samples for AA analysis. Digesta from this 2-cm piece was aseptically collected with a sterile spoon, pooled on a pen-basis, and stored at −80°C for microbiota analysis. From the remaining part of the chosen intestine section, digesta was flushed out using deionized water, pooled on a pen basis, and immediately frozen at -20°C until freeze-drying.

Chemical Analyses {#sec2-3}
-----------------

A vibrating disc mill (Fritsch Pulverisette 9, Fritsch GmbH, Germany) was used to grind the diet and digesta samples for AA and Ti analysis. Samples were ground using a centrifugal mill (Retsch ZM200, Retsch GmbH, Germany) and passed through a 0.5 mm sieve for all other analyses. All analyses were performed in duplicate.

The German official methods for nutrient analyses of the Verband Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten ([@bib64]) were followed for the analyses of DM (no. 3.1), CP (no. 4.1.1), crude ash (no. 8.1), ether extract (no. 5.1.1), crude fiber (no. 6.1.1), neutral detergent fiber after pre-treatment with α-amylase without residual ash (aNDFom; no. 6.5.1), and acid detergent fiber without residual ash (ADFom; no. 6.5.2). Vadopest and Fibretherm analysis systems (C. Gerhardt GmbH & Co. KG, Germany) were used for Kjeldahl digestion and crude fiber, ADFom, and aNDFom analysis, respectively. Concentrations of Ti, phosphorus and calcium were analyzed using an ICP-OES following wet digestion as described by Zeller et al. ([@bib70]). Amino acids were analyzed as described previously (Rodehutscord et al., [@bib55]) with minor laboratory modifications (Zuber et al., [@bib73]). Briefly, samples were oxidized in an ice bath with a mixture of hydrogen peroxide, phenolic formic acid solution, and phenol prior to hydrolysis in acidic conditions at 113°C for 24 h in a mixture containing hydrochloric acid and phenol. Norleucine was used as the external standard. Separation and detection of AA was done using the L-8900 AA analyzing system (VWR/Hitachi Ltd, Japan) after post-column derivatization using ninhydrin. The oxidation procedure might slightly affect the calculated concentration of His, Phe, and Tyr (Mason et al., [@bib44]). Asn and Gln were determined together with Asp and Glu, respectively, due to the loss of amide residue from the side group of Asn and Gln during acid hydrolysis and convertion to Asp and Glu, respectively (Fontaine, [@bib22]).

DNA Extraction, Illumina Amplicon Sequencing and Data Analysis {#sec2-4}
--------------------------------------------------------------

DNA was extracted using the FastDNA SPIN Kit for soil (MP Biomedicals LLC, OH, USA), following the manufacturer\'s instructions. DNA was quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, MA, USA) and stored at −20°C. Illumina library was prepared according to Kaewtapee et al. ([@bib32]). In brief, the V1--2 region of the 16S rRNA gene was amplified in a 20 μl reaction. About 1 μl of the first PCR product was used as a template in the second PCR with multiplexing and indexing primers as described previously (Camarinha-Silva et al., [@bib11]). Amplicons were verified by agarose gel electrophoresis, purified, and normalized using the SequalPrep Normalization Kit (Invitrogen Inc., CA, USA). Samples were pooled and sequenced using the 250 bp paired-end sequencing chemistry on an Illumina MiSeq platform.

Raw reads were checked for quality, assembled, and aligned using Mothur pipeline tool (Kozich et al., [@bib34]). A total of 28,151 ± 2,736 reads were obtained per sample. The UCHIME program included in Mothur pipeline was used to identify possible chimeras (Edgar et al., [@bib19]). Reads were clustered at 97% identity into 1,021 operational taxonomic units (**OTU**). Only OTU with an average abundance higher than 0.0001% and a sequence length \>250 bp were considered for further analysis. The closest representative was manually identified using seqmatch from the Ribosomal Database Project (RDP) (Wang et al., [@bib67]). Sequences were submitted to the European Nucleotide Archive (accession number PRJEB26340).

Calculations and Statistical Analysis {#sec2-5}
-------------------------------------

The pc digestibility of CP and AA was calculated on a pen basis using the following equation:
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Statistical evaluation of growth performance, pc CP, and pc AA digestibility was done using the MIXED procedure of SAS for Windows (Version 9.3, SAS Institute, Cary, NC). Data were analyzed considering the fact that the observations recorded for some traits related to growth performance were unbalanced by one-way analysis of variance (**ANOVA**) using the following statistical model: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} {{\rm{y}}_{ij}} = {{\rm{T}}_i} + {\rm{ }}{{\rm{b}}_j} + {{\rm{e}}_{ij}}, \end{equation*}\end{document}$$with y*~ij~* as the dependent traits, T as the fixed effect of treatment *i*, b as the random effect of block *j*, and e*~ij~* as the residual error. Treatment effects were considered significant if *P* \< 0.050.

Illumina amplicon sequencing data were analyzed using PRIMER (PRIMER-E version 7.0.9, Plymouth Marine Laboratory, UK) as described by Clarke and Warwick ([@bib14]). Data were standardized, square-root transformed, and a sample similarity matrix was created using Bray--Curtis coefficient (Bray and Curtis, [@bib9]). Alpha-diversity was calculated based on Shannon diversity index at 97% of identity (Paul et al., [@bib48]). Beta-diversity was studied based on community similarity structure and depicted through non-metric multi-dimensional scaling plots (nMDS) (Clarke and Warwick, [@bib14]). Similarity percentage analysis (**SIMPER**) was used to identify the genera responsible for the differences observed between the treatments (Clarke and Warwick, [@bib14]). PERMANOVA routine was used to study the significant differences observed when the dietary treatments were investigated using a permutation method under a reduced model. Pearson correlation was calculated using GraphPad Prism 6 (GraphPad Software Inc., CA, USA). Correlations were considered significantly different at *P* \< 0.050.

Co-occurrence network analysis was done considering OTU with more than 0.1% abundance and clustered at the genus level as proposed (Manasson et al., [@bib41]). Correlations were estimated based on the sparse correlation for compositional data approach (Friedman and Alm, [@bib23]; Ramayo-Caldas et al., [@bib53]), which determines the co-abundance and co-exclusion of bacteria present in the absolute abundance (Zhang et al., [@bib72]). Two-sided pseudo *P*-values were obtained considering 10 iterations and 100 bootstraps. Non-significant correlations (*P* \> 0.050) were ignored. Cytoscape software version 3.6.0 (Shannon et al., [@bib58]) was used to build the network, with each node representing a genus and the edges denoting the strongest positive and negative association of all possible pairs (Ramayo-Caldas et al., [@bib53]).

RESULTS {#sec3}
=======

Growth Performance and Prececal Amino Acid Digestibility {#sec3-1}
--------------------------------------------------------

The average initial BW on day 14 was 405 (SD 14.5) g/bird and was not significantly different between the treatments. Compared with the BD, protease supplementation did not significantly influence ADG, except for a significant reduction in ADG when fed the high level of Protease B supplementation (Table [3](#tbl3){ref-type="table"}). When Phy was supplemented, ADG was significantly higher than that in all the other treatments. Supplementation of Phy and the higher level of Protease C significantly increased the G:F values. There was no significant difference in G:F of the other protease-supplemented treatments when compared with that of the BD.

###### 

Growth performance of broiler chickens in the 7-d-experimental period (8 replicates per treatment unless otherwise stated).

                      Basal diet   Protease A   Protease B   Protease C   Phytase                                                  
  ------------------- ------------ ------------ ------------ ------------ ------------ ------------ ----------- ---------- ------- ---------
  Final BW (g/bird)   692^b,c^     674^c^       690^b,c^     689^b,c^     670^c^       708^b^       702^b^      741^a^     9.0     \<0.001
  ADG (g/d)           40.9^c,d^    39.6^d,e^    40.8^c--e^   41.3^b--d^   38.5^e^      41.9^b,c^    43.0^b^     46.3^a^    0.78    \<0.001
  ADFI (g/d)          72.9^b,c^    72.8^b,c^    71.6^c,d^    72.5^b,c^    69.3^d^      74.9^a,b^    70.8^c,d^   77.8^a^    1.19    \<0.001
  G:F (g/g)           0.560^b,c^   0.545^c^     0.570^b^     0.570^b^     0.557^b,c^   0.559^b,c^   0.609^a^    0.595^a^   0.010   \<0.001

^a--e^Values without a common superscript within 1 row are significantly different (*P* \< 0.050).

^1^7 replicates.

^2^6 replicates.

Higher level of supplementation of Protease C and Phy significantly increased the pc digestibility of not only CP but also of all measured AA compared with that of the BD (Table [4](#tbl4){ref-type="table"}). No significant differences in the pc CP and AA digestibility were found between supplementation of Protease C and Phy. The supplementation of Protease A and B had no significant influence on the pc CP and AA digestibility when compared with that of the BD in most cases. Exceptions include among others a significantly higher pc Ser digestibility observed for the lower supplementation level of Protease A and a significantly lower pc Ile and Val digestibility for Protease B at both supplementation levels. Compared with BD, the lower supplementation level of Protease C significantly decreased the pc digestibility of AA except for His, Met, Pro, and Tyr.

###### 

Prececal crude protein and amino acid digestibility (%) of the experimental diets (8 replicates per treatment).

            Basal diet   Protease A   Protease B   Protease C   Phytase                                            
  --------- ------------ ------------ ------------ ------------ ----------- ----------- --------- --------- ------ ---------
  CP        79.9^b^      80.4^b^      79.9^b^      78.6^c^      79.7^b,c^   78.5^d^     81.9^a^   81.9^a^   0.61   \<0.001
  Ala       80.8^b^      81.6^b^      80.7^b^      79.2^c^      80.4^b,c^   79.4^c^     83.2^a^   83.7^a^   0.71   \<0.001
  Arg       88.0^b,c^    88.3^b^      88.0^b,c^    86.9^d^      87.4^c,d^   86.9^d^     89.5^a^   89.5^a^   0.34   \<0.001
  Asp/Asn   78.8^b,c^    79.5^b^      79.1^b,c^    77.1^d^      78.1^c,d^   77.1^d^     80.9^a^   81.2^a^   0.50   \<0.001
  Cys       66.9^b^      67.5^b^      67.6^b^      64.6^c^      67.0^b^     64.8^c^     71.9^a^   70.8^a^   0.91   \<0.001
  Glu/Gln   86.1^b,c^    86.6^b^      86.2^b,c^    84.8^d^      85.6^c,d^   85.0^d^     87.7^a^   88.0^a^   0.41   \<0.001
  Gly       75.4^b,c^    76.1^b^      75.5^b,c^    73.7^d,e^    74.9^c,d^   73.5^e^     77.9^a^   78.3^a^   0.69   \<0.001
  His       79.8^b,c^    80.6^b^      80.1^b^      78.1^d^      80.1^b^     78.7^c,d^   82.7^a^   83.0^a^   0.67   \<0.001
  Ile       82.5^b^      82.5^b^      81.8^b,c^    80.6^d^      80.5^d^     80.8^c,d^   84.3^a^   84.4^a^   0.58   \<0.001
  Leu       82.7^b,c^    83.3^b^      82.6^b,c^    81.1^d^      82.1^c,d^   81.3^d^     85.1^a^   85.4^a^   0.62   \<0.001
  Lys       84.6^b,c^    84.9^b^      84.2^b--d^   83.3^d^      83.8^c,d^   83.2^d^     85.9^a^   86.8^a^   0.53   \<0.001
  Met       84.1^b^      84.6^b^      83.6^b,c^    82.4^c^      83.7^b,c^   83.3^b,c^   86.8^a^   87.4^a^   0.73   \<0.001
  Phe       83.0^b,c^    83.7^b^      83.1^b,c^    81.5^d^      82.2^b,c^   81.9^d^     85.6^a^   85.6^a^   0.55   \<0.001
  Pro       79.6^b,c^    80.6^b^      80.6^b^      78.2^d^      80.2^b^     78.5^c,d^   83.0^a^   81.9^a^   0.66   \<0.001
  Ser       77.8^c^      79.0^b^      78.4^b,c^    76.4^d^      77.9^b,c^   76.4^d^     81.2^a^   81.6^a^   0.63   \<0.001
  Thr       73.3^b^      74.2^b^      73.5^b^      71.3^c^      72.9^b^     71.0^c^     76.1^a^   76.6^a^   0.78   \<0.001
  Tyr       80.6^b,c^    81.5^b^      80.9^b,c^    79.1^d^      80.7^b,c^   80.0^c,d^   84.1^a^   83.5^a^   0.64   \<0.001
  Val       80.6^b^      80.2^b^      79.7^b^      78.4^c^      78.5^c^     78.4^c^     82.2^a^   82.3^a^   0.68   \<0.001

^a--e^Values without a common superscript within 1 row are significantly different (*P* \< 0.050).

Microbial Communities in the Terminal Small Intestine {#sec3-2}
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A total of 1,021 OTU were identified from the entire dataset. Firmicutes were the most abundant phylum, commonly observed across all diet treatments (\>98%). A significant difference between the bacterial profiles at the genus level was observed between treatments (*P* = 0.024) (Table S1). Regardless of dosage, the microbial communities in the terminal small intestine were significantly different between the treatments with Protease B and Protease C supplementation and between Protease C at low level and Phy (*P* \< 0.050). The clustering of OTU in cases where Protease C was fed at both supplementation levels was influenced by a higher presence of the genus *Lactobacillus*, whereas supplementation of Phy and both dosages of Proteases B grouped further apart and may be caused by the abundance of *Enterococcus* and uncultured Clostridiaceae 1 (Figure [1](#fig1){ref-type="fig"}). Additionally, diets supplemented with Phy and the lower level of Protease B resulted in the numerically highest diversity index among all diets. Significant differences in the diversity index were found between the supplemented Phy and Protease C, and between Protease B and Protease C both at low level (Figure [2](#fig2){ref-type="fig"}, Table S1). *Lactobacillus* genus was the most abundant in all treatments (Figure [3](#fig3){ref-type="fig"}). With Protease C supplementation at both levels, *Lactobacillus* accounted for 77% and 64% of the total community, whereas it was only 38% in the Phy diet, 43% in Protease B at low level, and 56% at the high level. The most relevant OTU identified were *Lactobacillus salivarius* (OTU 53, 77, and 40) and *Lactobacillus gallinarum* (OTU 86).

![Non-metric multi-dimensional scaling plot illustrating the global bacterial community structure of dietary treatments that showed a statistical difference among each other (low (L) and high (H) supplementation levels of protease). The symbols represent one pooled sample from each pen comprising all Operational Taxonomic Units clustered at genus level.](pez038fig1){#fig1}

![Shannon diversity obtained for the experimental diets at genus level. The plot indicates the second (box) and third quartiles (whiskers), and the median value is represented by the vertical line. Values without common letters are significantly different (*P \<* 0.050).](pez038fig2){#fig2}

![Relative abundance of microbes at the genus level detected in the terminal small intestine of broiler chickens for the experimental diets (8 replicates per treatment).](pez038fig3){#fig3}

*Streptococcus* counts increased with both dosages of Protease B (24% and 30% for the low and high supplementation levels) when compared with 13% abundance in diets containing Protease C (Figure [3](#fig3){ref-type="fig"}). The OTU 79, related to *Streptococcus alactolyticus* (Table S2), contributed to 20% of the total community in the low supplementation levels of Protease B and Protease C. In the Phy-supplemented diet, OTU 79 caused a significant difference with Protease C supplementation at low level (*P* \< 0.050), where it accounted only for 30% abundance.

The genus *Clostridium* XI was more abundant when Phy or the higher level of Protease C was supplemented (13% and 6%, respectively) than in the other treatments (ranging from 0.4% to 3%). In the Phy treatment, OTU 13 (uncultured *Clostridium* XI) was negatively correlated with OTU related to the genus *Lactobacillus* (4, 57, 72, 90, and 98). Also, *Clostridium sensu stricto* was not highly abundant in this study. The *Enterococcus* genus was highly abundant when the high level of Protease C was supplemented (14%), being mainly represented by OTU 8 (*Enterococcus azikeevi*).

With special consideration to the 2 treatments, Protease C at the high level and Phy that had significantly higher AA digestibility than the other treatments, SIMPER analysis revealed that Phy supplementation increased the fold change (**FC**) of *S. alactolyticus* (OTU 79, FC = 1.9), uncultured *Clostridium* XI (OTU 13, FC = 2.2), and uncultured Clostridiaceae 1 (OTU 52, FC = 16) in comparison to the high supplementation level of Protease C. Upon supplementation of Protease C at the higher, level the principal OTU observed were the uncultured *Lactobacillus* (OTU 53, FC = 2.4), *L. salivarius* (OTU 40, FC = 2.7), *Lactobacillus taiwanensis* (OTU 77, FC = 1.4), and *E. azikeevi* (OTU 8, FC = 7).

Microbial networks revealed different levels of connectivity between the microbes as reflected by the significant interactions observed among them (Figure [4](#fig4){ref-type="fig"}). The total number of negative correlations was found to be higher than the positive ones. The BD and Protease C at low level had fewest correlations (185 and 128, respectively) and a smaller number of genus (nodes) (15 and 20, respectively) (Figure [4](#fig4){ref-type="fig"}). When Protease B was supplemented at the high level, we observed multiple correlations (1,187 edges) in the 43 genera. The other diets (both dosages of Protease A, Protease B at the low level, Protease C at the high level, and Phy addition) all yielded similar quantity of edges and nodes (on average 724 and 37, respectively). This co-occurrence analysis also showed that *Lactobacillus* was negatively correlated to other abundant genera in the small intestine.

![Microbial network at genus level for the experimental treatments (8 replicates per treatment). Significant interactions are indicated by the connective lines (edges) between genus (nodes). Negative and positive interactions are shown in red and blue, respectively.](pez038fig4){#fig4}
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Prececal Amino Acid Digestibility {#sec4-1}
---------------------------------

The results of this study show that the effect of protease supplementation on pc AA digestibility depended on the protease product and supplementation level. Protease A and B at both supplementation levels did not increase the pc AA digestibility. For some AA, supplementing these proteases even reduced pc digestibility. Protease C had no influence or decreased pc AA digestibility when supplemented at the recommended level. Supplementation of Protease C at an 8 times higher level, however, increased pc digestibility of all measured AA by an average of 2.6 percentage points. These results overall are in accordance with previous results, which showed that the supplementation of different proteases at a certain level can either decrease or increase the pc AA digestibility (Walk et al., [@bib66]). However, classifying distinct protease products with respect to their effectiveness in increasing pc CP and AA digestibility is difficult. The protease products and concentrations used in this study did not increase pc AA digestibility, but had increasing effects on pc CP digestibility in other studies (Liu et al., [@bib36]; Selle et al., [@bib57]).

The present study also showed that the effect of protease supplementation was dose-dependent. Whereas, there was no effect of Protease B at the higher supplementation level, the lower supplementation level tended to decrease pc AA digestibility. Supplementation of 1,600 mg/kg of Protease C increased pc CP and AA digestibility, but no effect or a decreasing effect was observed at the dosage of 200 mg/kg. A dose-dependent effect of Protease C was also determined by Angel et al. ([@bib4]), who found the effect of protease supplementation to be fully expressed at the 200 mg/kg supplementation level. This shows that protease product and supplementation levels can explain divergent effects on pc CP and AA digestibility reported in the literature. Other possible influences on the efficacy of protease supplementation should be investigated to obtain more predictable results. Likewise, responses to protease supplementation can be affected by the choice of raw materials used, especially protein sources. For instance, effects due to diet composition were reported by Cowieson et al. ([@bib16]). For the present study, the diets used were based on corn and soybean meal, whereas sorghum, wheat bran, and canola meal have been used by Liu et al. ([@bib36]) and Selle et al. ([@bib57]). The diets used by Angel et al. ([@bib4]) were based on corn and soybean meal similar to the diets used in the present study, but the proportions of feedstuffs varied. Dietary composition may also contribute to the differences in the efficacy of protease supplementation between experiments observed by Walk et al. ([@bib66]). These authors used diets based on corn and soybean meal in one experiment, whereas a wheat-soybean-meal-based diet was used in another experiment. Such differences alter the substrate and might also modify gastro-intestinal conditions relevant for enzyme activity, such as the pH in the digestive tract. In the present study, supplementation of Phy increased the pc AA digestibility by about the same extent achieved with Protease C supplementation at the higher level (2.7 percentage points on average).

Increase in pc AA digestibility due to protease supplementation has been attributed in part to a reduction of basal endogenous AA loss (Cowieson and Roos, [@bib15]). Among the basal endogenous AA lost, the proportions of Asp/Asn, Cys, Glu/Gln, Pro, Ser, and Thr are relatively high (Kluth and Rodehutscord, [@bib33]; Adedokun et al., [@bib1]; Adeola et al., [@bib2]). For some of these AA, namely Asp/Asn, Cys, and Thr the median of increase in pc AA digestibility by Protease C supplementation was above the median of the increase of all AA, whereas it was below the median value for others (Glu/Gln, Pro, and Ser). Therefore, based on the present results, the observed increase in pc AA digestibility cannot be simply explained by a reduction of basal endogenous AA loss. In regard to phytase supplementation, increased pc AA digestibility through reduced basal endogenous AA loss has also been described (Selle et al., [@bib56]). Upon phytase supplementation in the present study, the increase in pc digestibility of those AA with a high concentration in basal endogenous losses was above the median increase of all AA for Asp/Asn, Cys, Pro, Ser, and Thr, but markedly below for Glu/Gln. Basal endogenous AA losses are affected by ADFI (Adedokun et al., [@bib1]; Adeola et al., [@bib2]), which was influenced by phytase supplementation in the present study. This means that basal endogenous AA losses may be affected by Phy, either directly by the enzyme or by feed intake, or both. Hence, our results do not clarify if phytase supplementation led to an increase in the pc AA digestibility through reduction of basal endogenous AA losses.

Microbial Communities in the Terminal Small Intestine {#sec4-2}
-----------------------------------------------------

Protease supplements altered the overall microbial composition. This change was mostly observed with the higher diversity obtained for Phy and the low supplementation level of Protease B (Figure [2](#fig2){ref-type="fig"}). A similar finding was reported in a study testing fecal protease activity in humans, in which higher protease activity was reported to result in a lower number of bacterial species and a decreasing diversity index (Carrol et al., [@bib12]).

*Streptococcus* commonly found in the small intestine during the growth of broiler chickens (Han et al., [@bib27]; Ranjitkar et al., [@bib54]) was higher in abundance upon supplementation of Protease B when compared with that of Protease A and C. The presence of *Streptococcus* has been related to an increase in the density of CD8+ T cells influencing the immune functions in the intestine (Huang et al., [@bib29]), and can be involved in the reduction of pathogens (Dahiya et al., [@bib18]). *Enterococcus* also increased with high level of Protease C supplementation, and low level of Protease B supplementation. This genus is usually found in low abundance in the small intestine of broiler chickens (Lu et al., [@bib38]). Also, a probiotic mixture of *Enterococcus* and *Lactobacillus* increased the number of mucosal adherent bacteria in the terminal small intestine apart from increasing the goblet cells and mucous layer (Chichlowski et al., [@bib13]). Furthermore, strains from this genus are able to synthesize bacteriocins that are active against pathogens like *Eimeria* spp., making these bacteria a potential probiotic candidate (Ivanova et al., [@bib30]; Pan and Yu, [@bib47]).

The uncultured Clostridiaceae 1 was the lowest in abundance for Protease C at both supplementation levels in comparison with that of the other treatments. The high percentage of sequences (around 11% of the total abundance) of this uncultured bacterium demonstrated that there is still a need for culturing and better characterizing the microbiota of the digestive tract of chickens. A better characterization offers a clearer view of the microbial abundance and the effects of supplementing diets with enzymes (Borda-Molina et al., [@bib8]).

The microbial composition after providing the high level of Protease C and Phy that caused increased pc AA digestibility was different when compared with that of the other treatments. Most of quantified OTU in Protease C at low and high dosages belonged to *Lactobacillus* species. The high presence of *Lactobacillus* increased the production of extracellular proteins with adhesive properties in the study of Spivey et al. ([@bib60]). This adhesion influences gut health and the population dynamics in the gut through the synthesis of compounds such as bacteriocins that are active against Gram-positive bacteria (Fasina et al., [@bib21]). Based on the high dominance, it was estimated that this genus assimilates 3% to 6% of the protein ingested by the chicken (Apajalahti and Vienola, [@bib5]).

The *Clostridium* genus in the small intestine was reported to have less than 20% in abundance (Mohd Shaufi et al., [@bib45]) similar to observations in the present study. Species belonging to clusters IV, XI, and XIVa are able to increase the growth of chickens due to butyrate production, which is an indispensable source of energy for the gut wall and mediator of immune responses (Pourabedin and Zhao, [@bib50]; Sun et al., [@bib62]). These clusters showed different significant interactions in the co-occurrence network and in the case of Phy, *Clostridium* XI was found to increase in abundance with potential benefits to the host.

Network co-occurrence analysis was performed to deduce significant interactions between the microorganisms. A higher diversity index observed in diets supplemented with Protease B at low level and with Phy may have influenced the higher presence of significant interactions visualized in the microbial network. Except for Protease C at low level, different supplementation of Protease enzymes and Phy increased the connectivity within microbiota in the terminal small intestine of broiler chickens. It is important to highlight that with the approach applied it was not possible to identify a "hub" or dominant genus (Mandal et al., [@bib43]). Perhaps the reason is a higher rate of absorption of substrates from the broiler chickens with Protease supplementation (except Protease C at low level) and Phy. This rate of absorption could be influenced by the action of the enzymes because they start to increase the AA digestibility even as early as in the proximal jejunum (Selle et al., [@bib56]) and the distal jejunum (Liu et al., [@bib36]). Also, this fact would imply possible consequences in the modification of the substrate before they arrive at the terminal small intestine.

Modified microbiota composition could be attributed to the different modes of action of the enzymes. Protease A is obtained from the fungi *A. niger*, whereas Protease B and C are derived from the bacteria *B. licheniformis*. Enzymes synthesized from different microorganisms catalyze precise reactions that are influenced by the case-specific evolution of the protein (López-Otín and Bond, [@bib37]). An influence on pc AA digestibility probably is specific for certain sources of proteases. A study testing 2 proteases in degrading whey protein found that a more significant extent of protein hydrolysis occurred at higher concentrations of the enzymes (Pintado et al., [@bib49]). Furthermore, a single type of protease action resulted in a hydrolysate richer in peptides, whereas in others it was richer in AA (Pintado et al., [@bib49]). Another potential influencing factor on enzyme activity is the substrate concentration. A protease isolated from *B. licheniformis* had a reduced rate of hydrolysis and enzyme selectivity with increased substrate concentration (Butré et al., [@bib10]). On the contrary, protease from *A. niger* revealed that at least 30% of the activity could be increased if optimal conditions are provided (Mandal et al., [@bib42]). These facts can lead to the different availability of products that do not affect the measurements of digestibility but may impact the microbial composition.

In line with the effects on the microbiota from the protease supplementation, an antimicrobial effect could be speculated. A protease derived from *B. licheniformis* is capable of removing the biofilm produced from *Bacillus cereus* and *Pseudomonas aeruginosa* (Morvay et al., [@bib46]). The mechanisms behind are related to the breakdown of extracellular polymeric substances that can be produced in the digestive tract by members of the genus *Lactobacillus*. Until now, there is no literature discussing antimicrobial activity of proteases from *A. niger*. Whether or not these effects were relevant to the present study and what they mean for pc AA digestibility cannot be answered at this time.

Connections between pc AA digestibility and microbiota composition in the terminal small intestine could not be clearly established in our study. It cannot be ruled out that closer connections exist in the other sections of the digestive tract or on the basis of functionality rather than abundance. Our study showed that protease effects in principle exist. Hence, it should be considered as a pilot study that needs to be verified through other experiments and exploring deeper in phylogeny and functionality of the microbiota.

In conclusion, the effect of protease supplementation on pc AA digestibility in broiler chickens depended on protease product and supplementation level. Supplementation of Phy resulted in an increased pc AA digestibility. The microbiota composition and interactions between microbial groups were different between treatments. However, no clear relationship between pc AA digestibility and microbiota composition was detected.

SUPPLEMENTARY DATA {#sec5}
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**Table S1**. One-way PERMANOVA analysis of the effects of diets based on enzyme supplementation, and one-way ANOVA for the difference across treatments considering the Shannon diversity index (8 replicates per treatment).

**Table S2**. Taxonomic assignment of the most relevant Operational Taxonomic Units present in the terminal small intestine of broiler chickens. The assignment was performed in the Seqmatch function of the Ribosomal Database Project (<https://rdp.cme.msu.edu/>) database for type and non-type strain.
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